In this paper, the optical and mechanical properties of injection-moulded plates (thickness: 1 mm) made of poly(methyl methacrylate) (PMMA) and glass particles as filler with a matching refractive index are investigated. Tests show that the orientation resulting from the injection moulding process greatly affects the tensile strength and elongation at break, whereas the elastic modulus merely depends on the filling degree, which is investigated up to 13 vol.%. In terms of the optical properties, the specimens' haze depends on the difference in the refractive index between a glass and polymer. However, the absolute value of haze increases with increasing filling degree and decreasing particle size. Surface defects resulting from the injection moulding process were found to be the primary reason for this haze, even with identical RI between PMMA and glass.
INTRODUCTION

Polymer-glass Compound with Adjusted Refractive Index
Refraction of light at the interface of two materials occurs if they have different refractive indices (RI). Therefore, it is theoretically possible to produce bright, transparent, glassreinforced polymers by matching the materials' RI. This largely depends, among other factors, on the wavelength of the incident light (dispersion) and on the temperature of the material (thermo-optic coefficient), whereby the RI of polymers in the visual range increases with decreasing wavelength and temperature 1,2 and the refractive index of glass also decreases with the wavelength but usually increases with increasing temperatures 3 . Whereas the dispersion of transparent polymers and optical glass may be identical, the thermooptic coefficient ∆n rel /∆T of glass has a value between -5.4 and 32.2x 10 -6 /K 4 .
Polymers have a negative thermo-optic coefficient, which is nearly two orders of magnitude higher 5 . These facts lead to a wavelength-dependent and at least temperature-dependent transmission of the aforementioned composites 6 .
The first research on the optical properties of a glass-reinforced polymer with similar RI was conducted by Breuer and Grzesitza 7 . Specimens of glass fibre-reinforced polymers (a mixture of PMMA and a copolymer composed of styrene and maleic anhydride to alter the RI) exhibit wavelength-and temperaturedependent transmission. Many experiments on this subject have been done by the Kagawa group. They analysed the influence of different parameters, such as refractive index difference, particle size, particle surface area and filler content, on the light transmittance and thermal properties of polymers (epoxy) filled with glass particles [8] [9] [10] . The Stoffer group investigated the mechanical and optical properties of glass-fibre reinforced PMMA produced by the polymerization of MMA [11] [12] [13] . They used optical glass as fibre material and studied the optical properties with respect to the temperature, among other factors. One commonality amongst the aforementioned publications is the fact that the transmission decreases with an increasing filling degree, even when both the glass and polymer possess identical refractive indices. Such decreased transmission, despite an identical RI, can be traced back to the fillers not having been wetted or to the filler or matrix possessing an inhomogeneous RI. With specimens made of glass particles and oil as a matrix, prepared in glass cuvettes, high transmission rates can be achieved even at high filling degrees 14 , due to the perfect wetting of particles and smooth surface of the cuvettes.
Mechanical Properties
With glass as a filler material, the mechanical properties of polymers can, in particular, be greatly enhanced 15 . Glass beads in a polymer matrix, for . Anisotropy in the material leads to anisotropic material properties. This is commonly known to be the case with oriented glass fibres 15, 17 . The process-induced molecular orientation can be used to increase the stiffness in polymers 18 as oriented molecules generally lead to anisotropic mechanical properties [19] [20] [21] as well as anisotropic aging behaviour 22 . Apart from influencing the mechanical properties, glass fillers reduce thermal expansion 10 .
As outlined above, most published work in the field of transparent, glassfilled polymers with a similar refractive index was carried out with thermoset polymers or polymerizing PMMA. The advantage of this approach is that the specimens can be easily prepared within the casting process. This paper describes the mechanical and optical properties of specimens produced via injection moulding. As the results will show, this approach produces specific, process-induced changes that affect the specimens' mechanical and optical properties. These materials may be used for the transparent overmoulding of circuit carriers or for the production of transparent reinforced housings.
METHODOLOGY
Sample Preparation
The polymer poly(methyl methacrylate) (PMMA, Plexiglas® 7N by Evonik Industries AG) and was used as the matrix, and the glass "N-PK52A" (Schott AG) as filler. This glass was selected for its matching refractive index with the polymer matrix for at least one wavelength in the visible range at room temperature. Table 1 summarizes the relevant properties of the employed glass and polymer.
The bulk glass was crushed and then sieved by a machine with four laboratory sieves (mesh widths: 63, 90, 125, and 180 µm) to produce particles in three different size ranges. Afterwards, these glass particles were washed in an ultrasonic bath to remove any residual dust particles.
The compound was prepared by mixing the polymer PMMA and glass particles with a dual-screw compounder with parallel action screws (ZE 25Ax45D, KraussMaffei Berstorff GmbH). The processing parameters of relevance to the compounding process are given in Table 2 .
The glass fillers were added manually to achieve a filling degree of approximately 15 vol.%. The resulting extrudate was subsequently granulated to facilitate processing with an injection moulding machine (Allrounder 370 V/800-31, ARBURG GmbH + Co KG, screw diameter: 15 mm). Prior to the injection moulding process, the granule-filled PMMA was mixed with pure, granular PMMA to attain three varying filling degrees (approximately 5, 9 and 12 vol.-%) of each glass particle size. The employed injection moulding parameters are depicted in Table 3 .
The geometry of the injection-moulded specimens was defined by a plate with an edge length of 35 mm and a thickness of 1 mm, Figure 1 . The specimens were injected through a film gate with a thickness of 0.5 mm.
Sample Characterisation
The volumetric particle size distribution was optically calculated with the instrument Morphologi G3S (Malvern Instruments). With this method, the particles were dispersed on a glass plate, each particle was photographed by a microscope and the equivalent diameter was calculated. For each particle size, at least 53,000 particles were evaluated per measurement. Two measurements were taken for every particle fraction. (1) 3.7 (1) Refractive index n d (at 589 nm)[-] 1.4919 (2) 1.4966 (1) Abbe number v e [-] 55,82 (2) 81.52 (1) Elastic modulus [GPa] 3.200 (1) 71.000 (1) Tensile strength [GPa] 73
- (1) according to supplier; (2) in-house measurement To analyse the compounded material's particle size, the granular compound was heated in a microwave oven to incinerate the PMMA. The remaining glass particles were cleaned and the particle size was determined again as described above.
The filling degree of every fifth plate was determined by thermogravimetric measurements with a model TGA Q 5000 (TA instruments). The samples were prepared from the middle of the plate. Within the TGA measurement, the sample was heated up to 800 °C at 10 K/min while measuring the weight. By the end of the heating, the polymer had evaporated completely. The weight portion of the remaining glass particle was converted into the percentage of glass particles by volume.
The orientation of the unfilled specimen was determined through birefringence, which was measured at three positions along the flow direction in the middle of the unfilled specimen with a rotating plate compensator according to Berek (compensator B, Carl Zeiss). Because of the thin-walled plates and therefore rapid cooling during the injection moulding process, it can be assumed that the dominating factor for the emergence of birefringence is molecular orientation, and not residual stresses. To gain an understanding of the birefringence occurring, the plates were photographed in a photoelastic testing device for large surfaces (Dr. Schneider Messtechnik) in linearly polarized white light. For this purpose, the injection direction of the plates was oriented at 45° to the polarizers.
The mechanical properties were tested with two different directions of the plates and five tensile testing bars in each direction. For this, the plates were sawn and milled into the dimensions specified in Figure 2 .
The tensile bars produced in this way were tested for their mechanical properties based on DIN EN ISO 527-1 with a MicroTester (Instron GmbH).
In accordance with the scaling of 1:4 compared to the Campus tensile bar, the test parameters were adapted ( Table 4) . The elongation was determined using an optical displacement sensor. The tensile tests conducted are listed in Table 5 .
The specimens were photographed with a reflected-light microscope (Zeiss Axiophot) to capture the surface structure. A polished section of a plate's cross section was prepared with a viewing direction perpendicular to the flow direction to gain information about the positioning and orientation of the particles. The fractured surfaces of the tensile bars were characterised by scanning electron micrography (SEM Ultra Plus type, Carl Zeiss AG) to gain information about the adhesion between particles and matrix and about particle damage.
The transmission and haze of the plateshaped specimens were analysed with a UV/VIS spectrometer (Lambda 18 by Perkin Elmer Inc.). For this analysis, the total transmission and the lightscattering intensity of the specimens were determined in the visible range. 
where I S = scattered light of the sample and the instrument, T = total transmission of the sample, I SI = scattered light of the instrument, T 0 = total incoming light without sample.
To analyse the degree to which the surface roughness influences the haze, the plates were embedded between to glass panels. To compensate for the surface structure, the plates were wetted with an oil with an RI similar to PMMA (Cargille Labs, n D =1.4900) before applying the glass panels. Table 6 shows the size of the particles with varying mesh widths. As by the production process, the size distribution is relatively broad and the average diameter of the particles is larger than the mesh width. This is possible due to the irregular, often elongated shape, allowing particles to pass the sieve vertically. The particle size is calculated horizontally, which leads to the given diameters. Figure 4 shows that the processing of the materials in the twin screw extruder affects the particle size. In particular, the particles of the largest particle size ratio are greatly reduced. The resulting small particles strongly influence this particle size distribution. Figure 5 shows the filling degree of the injection-moulded plates, which were obtained from TGA measurements for all three adjusted filling degrees (5, 9 and 12 vol.%) per particle size. Due to the compounding process with the manual addition of the glass particles, the three different filling degrees vary slightly between the different particle sizes. Figure 6 shows the path difference due to birefringence in the injectionmoulded plates with respect to the distance to the sprue. As mentioned above, it can be assumed that the path difference due to the orientation that is visible here is orders of magnitude higher than the path difference due to residual stresses during cooling. As the figures show, the optical path difference and therefore the orientation decrease linearly in the flow direction. Figure 7 shows the mechanical properties of the prepared tensile bars for different filling degrees and orientations. A clear influence of the particle size on the mechanical properties could not be identified from the conducted tensile tests. However, compared to the unfilled specimen, the elastic modulus increases with the glass particle loading by about 34%. An increase in the elastic modulus is indicative of the particles' high degree of stiffness and was also observed with similar values of glass beads as a filler in polyoxymethylene (POM) 16 and epoxy 24 .
RESULTS AND DISCUSSION
Structural Characterization
Mechanical Properties
Nevertheless, the particle orientation and the molecular orientation minimally affected the elastic modulus, evident from the fact that the values of the elastic modulus do not vary with respect to the removal direction of the tensile bars. This contradicts the observation of an increasing elastic modulus with an increasing molecular orientation in PMMA by Botto et al. 19 . However, we stress that the degrees of molecular orientation of the samples studied on this reference were several orders of magnitude higher than in the present work.
However, the tensile strength is dominated by the removal direction of the tensile bars. The tensile strengths of the specimens prepared in the direction of the injection proved to be about 30% higher than those of the specimens prepared perpendicular to the injection direction. The probable reason for these differences is the process-induced molecular orientation in injection direction, regardless of the filling with particles. The particles reduce the tensile strength regardless of the injection direction by a comparatively small amount. This decline in the tensile strength indicates an insufficient adhesion between filler and matrix material, since stronger bonding increases the tensile strength 25 .
The elongation at break is also very much dominated by the removal direction of the tensile bars, Figure 7 , right. Whereas the elongation at break is reduced in the direction of the injection because of the stress peaks at the particles, the particles have little effect perpendicular to the injection direction. Also, the standard deviation in the injection direction is strongly reduced because of the glass particles inserting defects, which reduce the influence of potential, randomly generated defects during injection moulding and while milling the tensile bars. These thus generated defects may strongly influence the stress-strain behaviour 26 .
Besides the effects described above, the orientation of the particles itself may contribute to the anisotropic mechanical properties. Figure 8 shows an example of the particles' positioning in the middle of a specimen. The particles are slightly horizontally oriented in the injection direction, which may contribute to higher values of tensile strength and elongation at break compared to the orthogonal direction. Figure 9 shows the stress curve for filled and unfilled specimens in both directions. Whereas all the curves of both the filled and unfilled specimens reflect a similar behaviour at low elongations, the point of break strongly depends on the stress direction. Additionally, it can be seen that the filled specimen curve starts to plateau earlier at a stress level of about 40 MPa, which also indicates the lower adhesion between particles and polymer compared to bulk PMMA.
By looking at the fracture surface (Figure 10) , it can be seen that there is some adhesion between the polymer and glass particles. Nevertheless, large areas of the particles in the fraction surface show no polymer, which supports the statement of insufficient adhesion.
In summary, the results show that the mechanical properties are independent of the particle size. The elastic modulus increases with the filling degree and is independent of the orientation. The tensile strength and the elongation at break are reduced because of the particles in the direction of the injection, whereas the particles only minimally affect these properties perpendicular to the injection direction. Figure 11 shows the optical properties of the specimens with respect to the wavelength of light. The minimum of haze indicates a matching refractive index between the glass and the polymer at a wavelength of about 400 nm (Figure 11, left) . The gradient of the curve increases with the filling degree. High filling degrees and small particles lead to larger boundary surfaces, off which the light is scattered. This behaviour has also been reported in the literature 14, 27 .
Optical Properties
However, both ratios of middle and large particles show similar values of haze with respect to the wavelength and filling degree because of the crushing of mainly large particles during the production process, whereas the haze of the specimen with small particles lies clearly above the plates with larger particles (Figure 11 , middle and right). Nevertheless, the minimum of each curve (matching RI) lies high above the zero value and increases with the filling degree, although the refraction at the particle-matrix interfaces should be zero, Figure 11 , right. This fact indicates that the injection-moulded specimens have defects on the surface and/or defects in the samples. These defects are due to insufficient filler matrix binding, incomplete wetting of particles, or finally, destroyed particles, which all lead to scattering regardless of wavelength.
As SEM images of the fracture surface show in Figure 12 , the injection moulding process also leads to broken particles inside the PMMA matrix. These cracks likely occurred prior to the tensile tests because of the mechanical properties of the employed glass as opposed to those of PMMA. The interfaces between glass and air/ vacuum in these cracks contribute to the scattering at an identical RI. Nevertheless, there were no signs of the particles only having been partially wet prior to the tensile tests.
As Figure 13 shows, the injectionmoulded specimens have rough surfaces with particles at the top and flow lines around these particles. The roughness of the surface increases with smaller particle size due to the increasing number of particles. A rough surface is a commonly known issue with glass-reinforced polymers 28, 29 and is assumed to be the main reason for the high haze values at identical refractive indices in this case. The specimen between glass panels and RI oil, use to compensate for the surface roughness, exhibits a haze reduction of 58% with a matching RI at 400 nm.
CONCLUSIONS
The results showed that it was not possible to produce bright, clear, glass-filled, transparent polymers via standard injection moulding because of light scattering at surface defects and broken particles. These defects caused haze, even with matching refractive indices, whereas the influence of defects increased with smaller particles. Aside from these defects, the difference in the refractive index between the glass and PMMA led to a wavelength-dependent haze whose minimum values were associated with a matching RI. It could also be seen that the reduction in particle size during processing affected the haze because of the increasing particle surface area and increasing surface roughness. In order to overcome these problems, special injection moulding techniques such as variothermal tempering or injection compression moulding may help to increase the surface quality.
With regard to the mechanical properties, it was found that the particles enhanced the stiffness of the specimen, independent of both the particle size and orientation direction. On the other hand, the particles negatively influenced the tensile strength and elongation at break parallel to the flow direction of the plates, whereas the influence perpendicular to the flow direction was quite small. In order to successfully enhance the mechanical properties regardless of the direction, surface modification of the particles with appropriate silanes could be performed prior to the compounding process. 
